Ribonuclease H from human KB cells, chick embryos, calf thymus, avian myeloblastosis virus, and Rous associated virus specifically degrades the RNA of DNA RNA hybrids, producing mono-and oligoribonucleotides terminated in 5'-phosphates. The cellular RNase H is an endonuclease, whereas the viral enzyme appears to be an exonuclease. Viral DNA polymerase and RNase H copurify through all separation steps. Therefore, RNase H activity is an intrinsic part of the viral DNA polymerase. DNA RNA hybrids are also degraded by nucleases associated with cellular DNA polymerases and by exonuclease III. However, these nucleases differ from RNase H in their ability to degrade both strands of DNA RNA hybrids.
Ribonuclease H (RNase H), an enzyme originally discovered in calf-thymus tissue, specifically degrades the RNA strand of DNA. RNA hybrids to acid-soluble products (1, 2) . Recently, Mdlling et al. (3) demonstrated an RNase H activity in partially purified DNA polymerase preparations of avian myeloblastosis virus (AMV), and suggested a possible involvement of this nuclease in the RNA-directed synthesis of viral DNA. As we reported earlier (4) , RNase H can remove 5'-terminal RNA, covalently linked to DNA, that had been synthesized in vitro. On this basis, we suggested a possible role of RNase H-type activities in RNA-primed DNA synthesis in vivo. In the model of M6lling et al. (3) , RNase H was conceived to degrade the template RNA after its transcription into RNA -DNA hybrid, releasing single-stranded DNA, which could then be converted into double-stranded product DNA.
As a first step in testing this hypothesis, we determined the specificity and mode of action of the RNase H found in avian RNA tumor viruses and compared these properties with those of RNase H from uninfected cells. In addition, we attempted to decide whether the nuclease activity associated with the viral DNA polymerase constitutes an intrinsic part of this enzyme or whether it represents contaminating hostcell RNase H.
MATERIALS AND METHODS
Reagents. When the synthetic DNA RNA hybrid poly(dT) poly-([32P]rA) was used as substrate for RNase H from KB cells, the pattern of fragments produced is shown in Fig. 1 (panel 1). In this electrophoretic separation, oligonucleotides are distributed according to their chain length (5'-rA.MIP being the product of greatest mobility). The length of the fragments resolved with this technique ranged from mononucleotides to oligonucleotides containing up to eight bases. These oligonucleotides were not made with equal frequency; mononucleotides were always found in much lower molar quantities than oligonucleotides two, three, and four bases in length. This frequency distribution was independent of enzyme concentration and time of incubation. Upon prolonged treatment, all of the RNA of DNA RNA hybrids was converted to oligonucleotides. As well as with RNase H from KB cells, we have observed this characteristic pattern of degradation products with RNase H from chick embryos and calf thymus and with the DNA polymerases from AMV and RAV (Fig. 1) .
In Fig. 2 , the specificity of the cellular and viral RNase H activities has been compared with that of exonuclease III from E. coli with the synthetic polymers poly(dT) poly- (dA) as substrates. The RNase H from KB cells and AMV exclusively degraded the RNA strand of synthetic hybrids. Exonuclease III, in contrast, could attack both the DNA and the RNA of these hybrids. In addition, exonuclease III produced mainly mononucleotides as products.
To determine whether the cleavage by RNase H activities occurs at the 5' or the 3' side of the phosphodiester bond, we subjected the oligonucleotides formed after incubation of poly(dT) -poly(rA) to alkaline hydrolysis and subsequent chromatography. As illustrated in Table 1 Fig. 1 . A 0.2-ml aliquot of the combined peak fractions was subjected to polyacrylamide (5%) gel electrophoresis in the presence of 0.1% sodium dodecyl sulfate (12) . The (14) . Fig. 3 (Fig. 3, panel A None 0 0
The reaction conditions were as described in Fig. 1 , except that the concentration of enzyme from KB cells, calf thymus, and chick embryos was tripled. After 30 min at 370, 5 ,Al of 4 N KOH was added to the reaction mixtures and the samples were incubated at 370 for 18 hr. After neutralization of the mixture with 4 N HCl04, Ap was separated from pAp by two-dimensional chromatography on polyethyleneimine thin layers by the LiClNaCOOH method (27) . The compounds were localized by autoradiography and their radioactivity was measured in a liquid scintillation counter.
Relationship of Viral RNase H to the Host Enzyme. As shown above, the cellular RNase H differs from the viral enzyme by its ability to cleave superhelical Col El DNA containing inserted ribonucleotides. To demonstrate further that the viral RNase H activity was not simply due to contamination by cellular enzyme, we purified the virus-associated nuclease by chromatography on DEAE-cellulose and phosphocellulose, and by sucrose gradient sedimentation, essentially following the procedure of Kacian et al. (13) for the purification of A'MV DNA polymerase. Throughout these steps, the profile of RNase H activity followed closely that of the DNA polymerase (Fig. 4) . Upon analysis by polyacrylamide electrophoresis in the presence of 0.1% sodium dodecyl sulfate, our purified enzyme preparation revealed two polypeptides with molecular weights of about 100,000 and 70,000, in accord with the report of Kacian et al. (13) (Fig. 4) . These authors presented strong evidence that the two polypeptides represent subunits of the viral DNA polymerase. Therefore, it is very likely that the viral RNase H activity also resides within one of these two subunits. The cellular and viral RNase H activities could also be clearly distinguished by their different sedimentation rates in sucrose gradients. The viral DNA polymerase-RNase H complex sediments at 7 S, whereas the host RNase H sediments at 5 S (results not shown). We can thus conclude that the RNase H activity constitutes a specific component of viral DNA polymerase.
Degradation of DNA -RNA Hybrids by Cellular DNA Polymerases. The discovery that AMV DNA polymerase is associated with RNase H (3), and our finding that the host RNase H and the DNA polymerase-associated nuclease from AMIV produce similar products, led us to investigate other DNA polymerases for RNase H activity. Fig. 5 shows that DNA Proc. Nat. Acad. Sci. USA 69 (1972) sedimentation in sucrose gradients, a nuclease capable of degrading the RNA of DNA -RNA hybrids accompanied the peaks of viral DNA polymerase. These activities however, were not more extensively purified. Our results presented here show that DNA polymerase from AMV, when purified to apparent homogeneity, still retains RNase H activity. The viral nuclease can be distinguished from the cellular enzyme by its different mode of action and its faster sedimentation rate. These observations support the suggestion of a specific association of RNase H-type activity with viral DNA polymerase, as proposed by M6lling et al.
The inability of the viral RNase H to cleave the internal ribonucleotides of Col El DNA suggests that its mode of action must be exonucleolytic i.e., the enzyme seems to require RNA with free ends to initiate its degradative action. The finding that the products are not mononucleotides, but are oligonucleotides of various chain lengths, seems at first sight difficult to reconcile with an exonucleolytic process. However, as has recently been shown for the coli-phage T5-induced nuclease (15) (18) (19) (20) . Low molecular weight RNA, complementary to the 70S viral RNA, seems to serve as a primer in this reaction (21b, 22) . In the second stage, the newly synthesized DNA strand is copied, resulting in doublestranded DNA as final product. It is at this stage of the reaction that we would suggest the participation of both cellular and viral RNase H activities. As shown in the diagram of Fig.  6 , cellular RNase H could introduce a gap (gaps) near the 5'-end of the template RNA after it has been copied into an RNA * DNA hybrid. This would create new primers with free 3'-hydroxyl groups for the viral DNA polymerase. As the viral DNA polymerase proceeds to copy the template DNA, it could in a simultaneous reaction remove any remaining viral RNA via its RNase H activity, resulting in doublestranded DNA. This is formally analogous to the 'nick-translation' reaction of E. coli DNA polymerase I (23, 24) .
We made no attempt to further characterize the nucleases associated with E. coli DNA polymerase I and KB DNA polymerases I and II that are responsible for the degradation of poly(dT) -poly(rA) (Fig. 5) , but it seems likely that these are exonuclease activities that have been described (24) (25) (26) .
